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Two-band parallel conductivity at terahertz frequencies in the superconducting state 
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The optical response of the two-band superconductor MgB2 has been studied in the 0.7-4 THz 
range on films with very low impurity level. The effect of the high-energy (T-gap is observed in 
the ratio Rs/Rn between the normal and superconducting state reflectance, while in a neutron 
irradiated film with a slightly higher impurity level mainly the effect of the 7r-gap is evident as 
reported in previous experiments. At terahertz frequencies, the electrodynamic of MgB2 can be well 
described by the two-band parallel conductivity model and is dominated by the 7r-bands when the 
impurity level is only slightly higher than that of an ultra-clean sample. 

PACS numbers: 74.70.Ad, 74.25.Gz, 78.30.-j 



The two-band superconductivity of MgB2 has raised a 
large interest and comprehensive theoretical and exper- 
imental studies of this material have been performed in 
the last years Thanks to the high Tc, the simple lay- 
ered structure, the phononic origin of the superconduct- 
ing pairing, and the amount of experimental and theoret- 
ical work already done, MgB2 gives a unique opportunity 
for testing theoretical models of BCS superconductivity 
in the two-band case. Furthermore, MgB2 epitaxial films 
are being extensively investigated for possible applica- 
tions in superconducting devices and terahertz electron- 
ics 0, 0]. Infrared (IR) spectroscopy has largely con- 
tributed to the description of the physical properties of 
MgB2 , as discussed in detail in the recent comprehensive 
review of Kuzmenko [4]. In the normal state, this tech- 
nique can indeed distinguish the different contributions 
of the two bands {a and tt) to the frequency-dependent 
conductivity [1, H, @, 01- Iii particular, reflectance mea- 
surements on the ab plane can provide values of the two 
corresponding plasma frequencies and scattering rates 
7i = 1/Ti (i = (T, tt). In the superconducting state, sev- 
eral studies have been performed in the terahertz/far-IR 
range (here defined by photon energies below 16 meV, 
frequency u < 130 cm~^ or 1/ < 4 THz) since a mark of 
the superconducting gap A is expected in the reflectance 
or transmittance spectrum at huj ^ 2A (optical gap) for 
an isotropic s-wave BCS superconductor. 

The most recent optical conductivity data from single 
crystals in the normal state show an overall consistency 
with band structure calculations [1, Q. In the super- 
conducting state, on the contrary, a two-gap description 
of the far-IR spectrum of MgB2, based on independent 
BCS responses of a and tt bands, did fail in describing 
experimental data. In fact, the far-IR response of the ab- 
plane of MgB 2 appea rs to be dominated by the 7r-band 
carriers [1,11, [U[ll|. Indeed, no evidence of the high- 



energy gap Act was observed and a feature was generally 
seen at fio; ~ 2A^ in the ratio Rs/Rn {Ts/Tm), where 
Rs (Ts) and Rn (T/v) are the frequency-dependent re- 
flectances (transmittances) in the superconducting and 
normal state, respectively. The BCS theory can be ex- 
tended to the MgB2 case by assuming a parallel sum of 
the conductivity of two independent bands with no cross 
terms, each conductivity being described by a BCS model 
generalized to arbitrary temperature and 7^ values 0, [13 
(for convenience, this model will be indicated hereafter as 
generalized BCS model). However, in the far-IR response 
evaluated with this model the main feature shows up at 
Huj ~ 2Ao- when realistic values of the parameters Hi, 74 
and Ai are employed [3| . This inconsistency raises an im- 
portant problem: while the dc transport properties and 
the dc-field penetration depth [l3| can be described un- 
der the two-band parallel conductivity assumption, the 
present body of experimental evidence suggests that this 
assumption can be questioned when applied at terahertz 
frequencies in the superconducting state. 

The aim of the present work was to perform accu- 
rate measurements of the Rs/Rn spectrum in the far- 
IR range in order to verify the validity of the two-band 
parallel conductivity assumption. Since the small size of 
high-quality MgB2 single crystals makes low-temperature 
measurements in the far-IR range very challenging [3,[l0[i 
we used high-quality epitaxial fllms prepared by hybrid 
physical chemical vapor deposition, with Tc = 41 K and 
optimal transport properties [l3|. The size of the fllm 
surface (5x5 mm), with an average roughness of few 
nanometers, allows reflectance experiments in the whole 
infrared range, and the large film thickness (rf = 200 nm) 
strongly reduces the optical effect of the fllm substrate 
(see below). Since it is well known that MgB2 samples 
quickly degrade in air in a few minutes [T5| , each fllm was 
sealed under vacuum in a quartz ampoule after growth 
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FIG. 1: (a) Infrared reflectivity R{lo) of MgB2 films from the 
present work compared to that of crystals from Refs. 5,6 and 
10. (b) Drude-Lorentz fits to R{uj) (see text). 



and all the optical experiments were continuously per- 
formed in a vacuum of 10^^ mbar. 

We performed FT-IR reflectance measurements at the 
infrared beamline SISSI at the synchrotron Elettra (Tri- 
este, Italy) by using a He-flow cryostat, with a sapphire 
optical window and a cold finger which allows to position 
the pre-aligned sample and reference gold mirror on the 
incident beam with micrometric precision. We thus ob- 
tained the absolute reflectivity i?(w) from 2000 to 15000 
cm~^ at 300 K and 50 K. In the far-IR, by exploiting 
the transparency of the sapphire window, we used syn- 
chrotron radiation to keep the focal spot size smaller than 
the film size with no loss of signal-to-noise ratio. We mea- 
sured the intensity reflected by the sample by cycling the 
temperature in the 5-50 K range, without collecting the 
reference spectrum. In this way one avoids any varia- 
tion in the sample position and orientation, which can 
produce frequency-dependent systematic errors in R{lu). 
By using the 42 K data as the normal state reference, 
we obtained R{T)/R{42K) spectra with an accuracy of 
±0.1%. 

The agreement among the room temperature i?(w) of 
the film and of single-crystals 0, H, 0] is good (see Fig. 
la), indicating that the optical quality of our film is 
equivalent to that of single crystals. The R{lli) of the 
film measured at 50 K is compared with the one at 300 
K in Fig. lb. As expected, R{uj) increases with decreas- 
ing temperature owing to the decrease of the scattering 
rates. We first performed a fit of R{uj) at 300 K by em- 
ploying the Drude-Lorentz model including two Drude 
terms associated to the a and tt bands, and a Lorentz 
contribution centered around 20000 cm^^ representing 
an optically active a —>■ n interband transition (model I) 
01 0- We obtained an acceptable description of R{lu), 



as shown in Fig. lb, with fl^r = 3.8 eV, = 50 meV, 
rijr = 5 eV, and = 370 meV (the uncertainty on these 
values is of the order of 5%). Theseparameter values 
are consistent with previous ones [5|, |6| , as expected on 
the basis of the consistency among the different reflec- 
tivity spectra (see Fig. 1). We note that the 7^ values 
at 300 K should be regarded as effective, model depen- 
dent values. Indeed, in a system like MgB2, characterized 
by a strong electron-phonon coupling, the simple Drude 
model is inadequate at mid-IR frequencies. The extended 
Drude model 1 6], in which both scattering rate and ef- 
fective mass are frequency dependent, should be applied 
instead. However, the generalization of the latter model 
to the two-band case is well beyond the scopes of the 
present paper. 

At 50 K, by using the same values of the plasma fre- 
quencies, the agreement between the measured spectrum 
and best-fit curve is not satisfactory below 6000 cm~^, as 
shown in the inset of Fig. lb. The agreement with data 
is significantly improved if a mid-IR Lorentz oscillator 
at 0.4 eV is included (model II). Although this oscillator 
may be partially due to the a ^ a interband excitation 
observed in a previous single-crystal measurement 7], it 
should be mainly regarded as an effective tool to com- 
pensate the above mentioned inadequacy of model I at 
mid-IR frequencies. Therefore, the 50 K best-fit scatter- 
ing rates provided by model II (7^ = 11 meV, 7^ = 75 
meV) do correctly describe the conductivity at far-IR fre- 
quencies, where the effect of the 0.4 eV oscillator is neg- 
ligible. We remark that these 7o- and 77r values are only 
determined by intrinsic impurities owing to the vanis hing 
phonon population at low temperature in MgB2 [igI . Il7l | 
and are close to those previously reported for a single 
crystal {ja,imp = 12.4 meV, 7T,imp = 85.6 meV Q). 

As to far-IR results, the R{T)/R{A2 K) measured at 
50 and 5 K are shown in Fig. 2a. For T > Tc, as ex- 
pected, the i?(T)/i?(42K) curve is flat within experimen- 
tal uncertainties, while on decreasing temperature below 
Tc the i?(r)/i?(42K) spectrum increases and a clear edge 
structure around 14 meV becomes evident at T = 5 K. 
We remark that the high accuracy of the present syn- 
chrotron measurements allows the detection of an effect 
as small as ~ 0.5%. To discuss this result, we calculated 
the Rs/Rn ratio by using the generalized BCS model in- 
troduced above, to be compared to i?(5 K)/_R(42 K). As 
input parameters, we employed the Qi and 7^ values at 50 
K above reported, and the values obtained by tunnel- 
ing spectroscopy on films of the same kind (2A(j — 14.4 
meV, 2A^ = 4.6 meV fl§\). The Rs/Rn spectra ob- 
tained by considering both a finite film thickness {d = 
200 nm) and a semi-infinite medium Q are not appre- 
ciably different, as shown in Fig. 2a. By remarking that 
the model spectra are not best-fit to the data but results 
of calculations with no free parameters, the resemblance 
with the data is highly significant. In particular, an edge 
structure around 14 meV due to the a gap is observed 
in both experimental and model spectra, while in previ- 
ous works it was concluded that the far-IR response is 
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FIG. 2: Far-infrared reflectivity ratio (thick blue line) com- 
pared to BCS calculations (thick grey line: film thickness d = 
200 nm, dotted line: semi-infinite medium) with i}„ = 3.8 eV, 
7a = 11 meV {'ya = 37 meV in (b)), = 7.2 meV, = 5 
eV, -f^ = 75 meV, = 2.3 meV.) 
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FIG. 3: (a,b) Continuous lines: optical conductivity change 
across the transition of the two MgB2 films compared to BCS 
calculations with parameters as in Fig. 2 (grey dots, two- 
gap) and with Ao- — A^ — 2.3 meV (grey dashes, one-gap). 
(c,d) Conductivity evaluated trough the Drude model (nor- 
mal state, thick lines) and Kramers-Kronig transformations 
(superconducting state, thin lines). 1 THz corresponds to 33 
cm~^ or 4.1 meV. 



dominated by the tt bands since an edge was observed 
between 4 and 7 meV in all cases (see Refs. i, and 
Ref. 3 for a review) . The observation of the 14 meV edge 
is a crucial result, since it finally allows to reconcile the 
far-IR observation with the predictions of BCS calcula- 
tions. We remark that this result has been obtained on a 
film with very low impurity level [l4| and minimal expo- 
sure to the atmosphere. We will thus refer to this sample 
as ultra-clean film. 

To investigate the effect of the impurity level, we per- 
formed far-IR measurements on a second film which was 
previously irradiated with thermal neutrons (fluence of 
10^^ particles/cm). Preparation and physical properties 
of irradiated films are fully described in Refs. [l3, [3, US- 
A high fluence of 10^^ particles/cm is known to sup- 
press superconductivity in MgB2 because of the produc- 
tion of a huge amount of lattice defects [2l|. On the 
contrary, in the case of a low-fluence irradiated film like 
the one we investigated, the density of lattice defects is 
too small to modify the band structure or the electron- 
phonon coupling, and only an increase of the impurity 
scattering rates is observed, as shown by residual resis- 
tivity po Andreev reflection critical field and 
specific heat [l7| measurements. The measured reflec- 
tivity ratio R{T)/R{A2K) is shown in Fig. 2b for T=50 
K and 5 K. A clear edge is evident around 7 mcV, i. e. 
around 2 , while a much smoother increase close to the 
noise level is observed below 12 meV. 

In a film from the same batch as the one we inves- 
tigated and irradiated with the same fluence (sample 
IRR15 in Ref. 20), the = 40.3 K and the gap values 



measured by tunnelling spectroscopy [2^ are very close 
to those of unirradiated films, while po increases by a fac- 
tor ~ 2 [23|. This effect can be mainly attributed to an 
increase of 70-, as shown by a detailed analysis of magne- 
toresistance data [loj and by recent first-principle compu- 
tations p^ . In a reasonable approximation, the Rs/Rn 
ratio can be evaluated within the generalized BCS model 
by using the same parameters of the ultra-clean film case, 
with the exception of 7^. increased from 11 to 37 meV. 
This value matches 777/70- — 2.0 evaluated for the IRR15 
sample in Ref. [l^ and it is also compatible with the above 
cited increase of po • Remarkably, a reasonable agreement 
is obtained among the experimental data and the model 
spectra in Fig. 2b evaluated for both the d = 200 nm film 
and a semi-infinite medium in the well accessible spectral 
range, i. e. above 4 meV. This result indicates that, when 
the scattering rates are slightly higher than those of the 
ultra-clean film, the far-IR spectrum appears to be dom- 
inated by the 7r-band carriers, as previously observed in 
a number of MgBa samples 0, i, [iS HH • 

For a more straightforward interpretation of the far-IR 
data, we now discuss the obtained results in terms of the 
real part of the optical conductivity cri(w). For the ultra- 
clean film, the normal-state unq was obtained through 
Kramers-Kronig transformation (KK) of Rn given by the 
50 K data in Fig. lb extrapolated with the best-fit profile 
(model II). In the superconducting state, ais was calcu- 
lated through KK of Rs = Rn ■ R{5 K)/R{42 K). The 
ratio uis/cTijv can be regarded as a well approximated 
experimental quantity, since most systematic uncertain- 
ties due to the KK do cancel out in the ratio [l3| , and also 
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highlights the optical gaps, since it equals the transition 
probability variation across the superconducting transi- 
tion. The ratio (Jis/aiM of the ultra-clean film reported 
in Fig. 3a exhibits two gaps, one at 6 meV and the other 
at 14 meV, the latter being more evident, to be associated 
to the TT— and cr-gap respectively. The same quantity ob- 
tained from the two-band generalized BCS model closely 
tracks the data, although the peak structure at 8 meV is 
not reproduced. On the contrary, the prediction for the 
one-gap case, obtained by equaling A^- to = 2.3 meV 
and leaving all other parameters unchanged, is not at all 
consistent with our result (see Fig. 3a). 

Finally, we evaluate the optical constants of the two 
films by simply considering a parallel sum of two Drude 
terms defined by the parameters reported in the caption 
of Fig. 2. For the irradiated film, ctis was also obtained 
through KK of Rs = Rn ■ R{5 K)/i?(42 K). The overaU 
shape of (Tis/ctin, shown in Fig. 3b, is in qualitative 
agreement with the prediction of the two-gap generalized 
BCS model. Therein, the most evident feature is a gap at 
6 meV (TT-gap), while the gap at 14 meV (a-gap) is much 
less evident. The inspection of the separate aiN and ais 
shown in Fig. 3c-d may elucidate the difference between 
the two films, ctiat of the ultra-clean film is dominated 
by the narrow Drude contribution due to a bands and 
decreases abruptly with frequency (see Fig. 3c), hence a 
steeper absorption edge in ctis/ctiat is observed around 
2Acr=14 mcV in Fig. 3a. For the irradiated film with 
higher impurity level, ctiat decreases more slowly with lu 



owing to a larger ja- (see Fig. 3d), then a clear absorption 
edge in ois/cfin appears around 5-7 meV in Fig. 3b. The 
latter situation is similar to what previously observed in 
both MgBa films [1, H, [H HI and single crystals 0, 
[Toj . This analysis can explain why the effect of the high- 
energy gap due to the a bands can be unambiguously 
observed only in samples with a very low impurity level, 
and shows that the two-band parallel conductivity model 
describes fairly well the terahertz conductivity of MgB2 
in both the normal and the superconducting states. 

In conclusion, we performed IR reflectivity measure- 
ments on high-quality MgB2 films. We find a close corre- 
spondence between our far-IR Rs / Rn spectrum and that 
predicted by a generalized BCS model assuming a par- 
allel sum of the conductivity of two independent bands. 
Far-IR measurements on a film with a slightly higher im- 
purity level lead to a Rs/ Rn spectrum in which only the 
effect of the low-energy tt gap is well evident, thus ex- 
plaining the inconsistency between theory and previous 
far-IR/tcrahcrtz experiments in terms of different impu- 
rity levels. Of general interest is the proof that the paral- 
lel sum of the conductivity of two superconducting bands 
can well describe the electrodynamic response of MgB2 
at terahertz frequencies. 
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